Two amber mutations have been mapped inside the spcA-strA region (now called rpsE-rpsL) on the bacterial genome. Derivatives of the transducing phage A fus3 carrying each mutation were constructed and assayed in ultravioletirradiated bacteria to identify the mutated genes and measure the polarity of the mutations. The data indicated that both mutations, 3162(Am) and 3161(Am), affect genes coding for ribosomal proteins: rplC (L) and rpsN (S14), respectively. It was shown also that each mutation exerts, inside of its respective operon (S10 and spc units), a relatively strong polar effect on genes distal to the mutated locus. Nearly half of the genes coding for ribosomal proteins of E. coli are located in the 72-min region of the genetic map. Genes coding for elongation factors Tu and G and for subunit a of the RNA polymerase were also found in this region and thus appear to be cotranscribed with ribosomal protein genes (1, 8, 11, 14, 19, 23) .
Two amber mutations have been mapped inside the spcA-strA region (now called rpsE-rpsL) on the bacterial genome. Derivatives of the transducing phage A fus3 carrying each mutation were constructed and assayed in ultravioletirradiated bacteria to identify the mutated genes and measure the polarity of the mutations. The data indicated that both mutations, 3162(Am) and 3161(Am), affect genes coding for ribosomal proteins: rplC (L) and rpsN (S14), respectively. It was shown also that each mutation exerts, inside of its respective operon (S10 and spc units), a relatively strong polar effect on genes distal to the mutated locus.
Several important advances have been made recently in the study of the genetics of Escherichia coli ribosomal components. One of the most important areas of progress concerns the organization of ribosomal protein genes, which have mainly been studied by the use of specialized transducing phages carrying ribosomal protein genes. The availability of such phages and of their DNA stimulated numerous in vivo and in vitro experiments aimed at the understanding of the organization and regulation of ribosomal protein genes (for a review see reference 19) .
Nearly half of the genes coding for ribosomal proteins of E. coli are located in the 72-min region of the genetic map. Genes coding for elongation factors Tu and G and for subunit a of the RNA polymerase were also found in this region and thus appear to be cotranscribed with ribosomal protein genes (1, 8, 11, 14, 19, 23) .
The direction of transcription ofthe ribosomal protein genes has been established by several groups (19, 20, 25) , using a X transducing phage carrying the DNA region strA (gene coding for r-protein S12, now called rpsL) to aroE. The data indicate that all of the genes in the aroEstrA region are transcribed counterclockwise on the E. coli chromosome. Analyses of several polar and deletion mutants of A transducing phages have demonstrated, furthernore, that the ribosome genes are organized in at least four transcriptional units (operons). Identification of the promoters for each operon was achieved by analysis of the expression of r-protein genes on several EcoRI DNA fragments of the A transducing phages that had been cloned with a X cloning vector (10, 24) . Recently, the DNA sequence of a ribosomal promoter region has been reported (21) .
Major problems in studying the organization of ribosomal protein genes have been the com-41 plexity of the ribosomal structure and the fact that ribosomes are required for viability. Thus, many types of mutations, such as nonsense mutations and deletions used to study classical operons, could not be used to study ribosomal protein genes because they are lethal. We have recently overcome this difficulty by developing a general procedure for producing nonsense mutations in essential genes and analyzing them biochemically (5, 6) . Several distinct amber mutations have been mapped in the aroE-strA region of the bacterial genome and have been shown to result in defective ribosomal assembly when not suppressed. In an attempt to identify the ribosomal genes affected by two distinct amber mutations, 3161(Am) and 3162(Am), we constructed A fus3 derivatives carrying the mutated genes (9, 15) and assayed them in vivo for the expression of the ribosomal protein genes that they carry.
The data indicate that, in each case, the expression of a single ribosomal protein gene is shut off. Moreover, both amber mutations exert a polar effect upon the expression of distal genes, the reduction in expression being roughly inversely related to the distance from the site of the mutation.
MATERIALS AND METHODS
Construction of strains. The bacterial strains used in the present work are listed in Table 1 .
Phages. A fus3 was kindly supplied by M. Nomura. Characteristics of the A As3 phage are identical to those of A /s2 except for the presence of an allele for streptomycin sensitivity on A fus3 (for details, see references 9 and 15).
A fus3-18 is a derivative of A fus3 that carries the amber mutation am3162 (for construction, see text).
A fus3-20 is a derivative of A fus3 that carries the amber mutation am3161 (for construction, see text).
A cI857 S7 b515 b519 xis6 and A cI857S7 b519 nin5 General methods. Transductions with P1 vir were performed as described previously (16) .
Curing of A prophage was performed with the heteroimmune, integration-deficient phage A 21hy b2 c+ (3).
Complementation assays were performed by infection of appropriate supF(Ts) or sup-aroE recipients (carrying resistance markers or a thermosensitive mutation) with the A phages.
Transducing phages were grown by thermal induction of lysogens carrying the transducing phage, and helper phage were then separated from the helpers by published procedures (16) . Helper phage were obtained by infection of strain RH406.
Extraction of DNA from transducing phages followed the procedure of Zubay et al. (27) . Digestion of DNA with restriction endonucleases was as described previously (15) . Analytical agarose gel electrophoresis was done by the method of Shinnick et al. (22) .
Transducing phage infection of UV-irradiated celils. Infection of irradiated cells was essentially as described previously (9) , with the following modifications. Strain S159 was grown to 2 x 105 cells per ml at 370C in minimal medium (4) containing 0.4% maltose, 10 ,ug of thiamine per ml, and [14C]leucine (1 t&Ci/ml; specific activity, 324 jCi/mmol; Amersham Corp.).
Cells were collected by centrifugation, washed in fresh medium, suspended in 10 mM MgSO4 at a density of 109/ml, and UV-irradiated for 225 s at a dose of 50 ergs/mm2 per s. Cells were then infected with purified phage (multiplicity of infection, 8) and left for 15 min at 370C. The culture was then diluted fivefold with prewarmed medium and allowed to grow for 20 min. Proteins synthesized in the UV-irradiated bacteria were subsequently labeled for 10 min with 3H-amino acids (25 I&Ci/ml; high-specific-activity 3H-labeled amino acid mix from Amersham Corp.).
Nonradioactive amino acids were added at the end of the labeling period, and after 1 min the culture was rapidly chilled in an ice water bath. Cells were collected by centrifugation, washed once with TMAI (10 mM Tris-hydrochloride, pH 7.4; 10 mM Mg2 acetate; 30 mM NH4Cl, and 6 mM mercaptoethanol), and stored at -80°C until use.
Preparation and analysis of extracts by twodimensional polyacrylamide gel electrophoresis. Labeled cells, derived from 20-ml cultures, were broken in a French pressure cell; the extract was centrifuged for 10 min at 10,000 x g. The supernatant was divided into three parts, to which carrier 30S, 50S, or 70S ribosomes were added in appropriate amounts (5 to 10 ,ug per protein species identified by staining of the gels).
The mixtures were extracted with glacial acetic acid (12) , and the resulting precipitates were removed by centrifugation. Proteins were then precipitated with five volumes of acetone, pelleted, dried, and dissolved in 50 id of urea buffer (10 mM methylamine-acetic acid, pH 5.6; 6 M urea; 6 mM mercaptoethanol). The samples were then analyzed on two-dimensional polyacrylamide gels (13) . After staining and destaining of the gels, spots were cut out, digested with a LipolumaLumasolve cocktail (Lumac, Basel, Switzerland), and counted in a Rack Beta LKB scintillation counter. 3H/ 14C ratios were obtained for each ribosomal protein with the exception of L26 and L28.
RESULTS
Fine mapping of amber mutations 3161(Am) and 3162(Am). We have already reported the isolation and preliminary characterization of E. coli amber mutations which lead to ribosomal assembly that is defective in vivo upon loss of suppression (5) . Two of these mutations, 3161 (Am) and 3162(Am), have been cho-, sen for further studies.
To map these genes, both amber mutations were introduced into various recipient strains carrying a thermosensitive suppressor [supF(Ts); Table 1 3162(Am) cotransduce with spcA (S5) (spcA is now called rpsE) at 99.4 and 97%, respectively, both mutations being located between spcA and strA (S12) (5). We performed additional P1 transductions to map the mutations with respect to other ribosomal protein genes, e.g., eryA (IA) and eryB (L22). (The ribosomal proteins coded for by spcA, strA, eryA, and eryB are indicated in parentheses [19] .) Table 2 summarizes the data related to mapping of mutation 3161(Am). Crosses a and b involved selection of Aro+ transductants and screening for spectinomycin-sensitive (Spcs) clones. Among these, most were thermosensitive and some were thermoresistant. Spectinomycinresistant clones, on the other hand, were all thermoresistant. These data indicated that mutation 3161 (Am) was closely linked to gene spcA (99.4% cotransduction) and that the gene order was very probably aroE-spcA-3161 (Am). In cross c, in which we selected for spectinomycin resistance, spcA and 3161 (Am) cotransduced at 98% and were consistent with the proposed gene order. Table 3 summarizes the data related to the mapping of mutation 3162(Am). The mutation was located on the strA side of spcA and cotransduced at 99% with spcA (cross a). Mutation 3162(Am) was separated from eryB in 3.5% of the transductants [eryB-3162(Am) = 96.5%] (cross b). This indicated that the mutation affected a gene distinct from the one coding for ribosomal protein L22 (eryB). The Construction of A fis3 derivatives carrying amber mutation 3161(Am) or 3162(Am). The A fus3 transducing phage was a gift from M.
Nomura. It carries the structural genes for 27 ribosomal proteins and stimulates synthesis of these products in UV-irradiated bacteria (9, 15) .
The basic principle for construction of a A As3 derivative carrying amber mutation 3162(Am) will be given. The procedure was very similar to the construction of a A fus3 derivative carrying mutation 3161 (Am).
The construction of A fus phages carrying amber mutations depends on two properties of A fim3. First, when a rec+ strain is lysogenized, the phage can integrate at the A attachment site (attX), in tandem with a helper phage, or, much more frequently, in the aroE-strA region of the bacterial genome. In the latter case, integration occurs by reciprocal recombination between a circular form of the A fs3 genome and a homologous region on the host chromosome, a process which depends on the bacterial recombination system. Second, a X fus3 prophage inserted in the aroE-strA region excises by reciprocal recombination of its own genome with a homologous region of the host DNA through the bacterial recombination system. Recombination can occur at any site of the homology region, thus leading to the formation of "hybrid" X fus3 derivatives that have exchanged part of their genome with the host DNA. The helper phage provides then the functions necessary to package the A fus hybrid genomes.
The construction procedure began with lysogenization by X fus3 of a recipient strain (RH3196) carrying mutation 3162(Am) in a supF(Ts) background [supF81(Ie)] and appropriate markers for selection (AroE-Spcr). Lysogens which were selected for the AroE+ marker had the Spc' Ts' phenotype. These were then lysogenized with the helper phage (A cI857 b515 b519 nin557) to prepare phage stocks by thermoinduction. These stocks contained a set of A (us3 derivatives carrying the aroE+ gene, resulting from various reciprocal recombination events between the homologous regions (e.g., those illustrated in Fig. 1.1, classes a, b, Fig. 1.2 . The final step of the procedure consisted of introducing A fus-am3162, together with the helper phage, into a recombination-deficient recipient (recA), in which the X fus-am3162 phage would necessarily be integrated in tandem with the helper at the A attachment site (Fig. 1.3 ).
Tandem insertion of A fus-am3162 with its helper was confirmed by showing that the lysogen could be simultaneously cured of both prophages upon infection with X imm2lhy b2 c+.
The dilysogen strains provided a convenient way to maintain the A fus amber phages and J. BACTERIOL. Table 4 summarizes our data; after correction for the A helper assay, the ratios were normalized with respect to one ribosomal protein gene (S7) which, according to our mapping data, should not be present in the transcriptional units carrying the 3162(Am) and 3161 (Am) mutations. The following observations were made for each amber mutation under study.
(i) 3162(Am). The expression of genes belonging to the str, spc, and a operons was identical for phages A fus3 (control) and A fus3-18
[mutation 3162(Am)]. On the contrary, expressions of genes present in the Sl0 operon appeared to be quite different for both phages. First of all, the expression of the gene coding for protein L3 (rpIC) was completely shut off, strongly suggesting that mutation 3162(Am) affected this gene. This conclusion was supported by the mapping data, which placed the mutation very close to eryA (rpID; IA), an immediate neighbor of rpIC. In addition, the expressions of four distal genes (rpID, rplB, rplW, rplV) were reduced to extents that apparently depended upon the positions of the genes relative to the site of the mutation. This observation showed that mutation 3162(Am) exerted a relatively strong polar effect on the expression of genes distal to its locus in the S1O operon. However, the expression of several genes located at the end of the transcriptional unit appeared to be unaffected by the mutation.
According to Lindahl et al. (15) , the gene order in the S10 operon has not been completely determined (Table 4 ); assuming that the extent of gene expression can be correlated with the relative positions of genes in the operon, we suggest that the gene order is as follows:
... rplV, rplW, rplB, rplD, rplC.* Ps,o The ribosomal assembly defect in strains carrying mutation 3162(Am) resides in the 50S subunit (5). This is consistent with the lack of polarity of 30S ribosomal protein genes in the S10 operon.
(ii) 3161(Am). No change in expression was observed for genes belonging to the str, S10, and a operons (Table 4) . However, the gene coding for protein S14 (rpsN), located in the spc operon, (15) (this work) (15) (this work) a The data in the table were calculated from the equation:
where the subscripts M, P, and A refer to the mutant phages (A fus3-18, A fus3-20), parent phage (A us3), and helper phage, respectively, and the subscript "std" refers to the standard protein (S7). The italicized numbers indicate normalization. The values for the genes whose expression was reduced by polarity are in boldface type. The bottom part of the table compares the gene order in the S10 and spc operons as reported previously (15) and in our work. Transcription goes from the str unit toward the a unit. Ps,o and P. refer to the promoters of the S10 and spc operons, respectively.
bOwing to technical problems in identifying L30 in the A fus3-20 series of experiments, the value may be artificially low.
was not expressed at all. This observation supported the conclusion that mutation 3161(Am) X fus3-20 complemented strA, eryA, and eryB, three alleles located outside the spc operon, where mutation 3161(Am) was located.
Similar assays with X fus3-18 in a supF background showed complementation of the eryA and eryB alleles (erythromycin resistance) (data not shown). This indicates that the data obtained for the sup recipients did not result from an insertion or a deletion in X fus3-18 DNA but, rather, from the polarity exerted by mutation 3162(Am).
DISCUSSION
We studied two amber mutations affecting ribosomal protein genes. We constructed X transducing phages carrying each of the two amber mutations and used them to identify the ribosomal protein gene affected by each mutation and to determine the polarity exerted by each mutation on the distal genes belonging to the appropriate ribosomal transcriptional unit. The data strongly suggest that mutation 3162(Am) affected the gene coding for protein L3 (rplC) in the SlO operon. This mutation exerted a polar effect on genes rplD (IA), rplB (L2), rplW (L23), and rplV (L22), which are distal to the mutation in the same operon. The extent of polarity appeared to depend on the relative proximity of each gene with respect to the site of the mutation. Mutation 3162(Am) had no polar effect on the remaining genes of the S10 operon. As for mutation 3161(Am), we showed that it affected the gene coding for ribosomal protein S14 (rpsN) within the spc operon. The mutation exerted a degressive polar effect on adjacent genes rpsH (S8), rplF(L6), and rplR (L18), distal to the mutation inside the spc operon. The expression of the remaining genes of the spc operon was not affected by mutation 3161 (Am).
Complementation studies with phages X fus3-18 and X fus3-20 supported the results obtained with UV-irradiated, phage-infected bacteria. Despite the limited number of ribosomal mutations used in these assays, it is clear from the data that the polarity exerted by mutation 3162(Am) did not extend to all the genes of the respective operons. The data also inspire confidence that the phages we constructed are physically iden- tical to control phage A fus3 (except for the mutation) and support the conclusion that the effects we observed did not result from deletion or insertion of DNA material into the A fus3-18
and X fus3-20 phages. Our results also explain the type of ribosomal assembly deficiency observed in vivo for strains carrying either the 3162(Am) or the 3161(Am) mutation. In the case of 3162(Am), the expression of genes coding for 30S ribosomal proteins in the S10 operon was not affected either directly or through polar effects; it is thus to be expected that the mutant assembles 30S ribosomes correctly in vivo at 420C upon loss of suppression (5) . In the case of mutation 3161(Am), the expression of both 30S and 50S ribosomal protein genes in the spc operon was affected, thus leading to defect assembly of both ribosomal subunits at 420C upon loss of suppression (5).
Our conclusions are based essentially on a measure of the expression of ribosomal protein genes. They do not demonstrate that the rplC (L3) and rpsN (S14) genes are physically modified by mutation. All attempts so far to show a difference between the L3 and S14 proteins from parent and amber strains (carrying various suppressors) have failed. This is very probably due to the fact that the amino acids introduced by various suppressors (supD, supE, and supF) do not differ significantly in charge from the original amino acid present in the normal L3 or S14 protein. Several attempts to isolate the amber fragments of protein L3 or S14 have been unsuccessful. We are now in the process of cloning small DNA fragments carrying amber mutations 3162(Am) and 3161(Am). It is expected that DNA sequencing of these fragments will provide conclusive evidence for the site of the amber mutations. In addition, knowledge of the precise site of the amber mutation in the affected protein might be very useful in understanding the nature and degree of polarity exerted by the mutations on distal genes.
